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TECHNICAL NOTE D-166 

A FIYDRODYNAMIC INVESTIGATION OF THE EFFECT O F  ADDING 

UPPER-SURFACE CAMBER TO A SUBMERGED FLAT PLATE 

By Victor L. Vaughan, Jr. 

SUMMARY 

A hydrodynamic invest igat ion has been conducted t o  determine the  
e f f e c t s  of adding camber t o  t he  upper surface of a rectangular modified 
f l a t  p l a t e  having an aspect r a t i o  of 0.27 and operating a i  a coastaiit 
depth of submersion of 6 inches a t  noncavitating and nonventilating 
speeds. 
ously obtained on two rectangular modified f l a t  p l a t e s  having aspect 
r a t i o s  of 0.25 with d i f f e ren t  thicknesses. These comparisons show t h a t  
adding camber t o  the  upper surface of a f l a t  p l a t e ,  which increased the  
thickness, decreased the  angle o f  zero l i f t ,  the  l i f t -curve  slope, and 
the l i f t  coef f ic ien ts  at the high angles of a t tack .  The addition of 
camber moved the  center-of-pressure locat ion rearward with decreasing 
angle of a t t ack  while t he  center-of-pressure locat ion of t he  f l a t  p l a t e s  
moved forward with decreasing angle of a t tack .  
f i c i e n t  the  lift.-drag r a t i o  decreased with increasing camber. The max- 
i m u m  l i f t - d r a g  r a t i o  moved t o  higher angles of a t tack  with increasing 
camber. A s  t he  camber on the  upper surface w a s  increased, thus increasing 
the  thickness from approximately 7- t o  10-percent chord, the  l i f t  coef- 
f i c i e n t  increased as a l i nea r  function of thickness.  

Comparisons have been made between these data  and da ta  previ-  

For a given l i f t  coef- 

IrJTRODUCTION 

A s  pa r t  of a program t o  determine t h e  hydrodynamic cha rac t e r i s t i c s  
of submerged low-aspect-ratio l i f t i n g  surfaces,  t h e  Langley Research 
Center has been conducting investigations on rectangular modified f la t  
p l a t e s .  The r e s u l t s  of these investigations are reported i n  references 1 
t o  4. 
t he  e f f e c t s  of increasing the  thickness by adding upper-surface camber. 
The invest igat ion was conducted i n  Langley tank no. 2 on three  models 
having d i f fe ren t  upper-surface a i r f o i l  sect ions : 
an NACA 6 4 1 ~ 1 2  section, and a modified NACA 641A412 section. The tests 
were made a t  a constant depth o f  submersion a t  noncavitating and nonven- 
t i l a t i n g  speeds. This paper presents t h e  r e s u l t s  of the  invest igat ion 

The present invest igat ion was undertaken t o  obtain information on 

an NACA 641A412 section, 



and shows comparisons with data previously obtained on two f l a t -p l a t e  
models having d i f fe ren t  thicknesses (refs. 1 and 2 ) .  

APPARATUS AND PROCEDURE 

Description of Models 

The three models were rectangular i n  plan form, had aspect r a t i o s  
of 0.25, and were mounted on a single s t r u t  as shown i n  f igure 1. 
had the same plan-form shape and area (50 sq in . )  a s  the aspect-ratio- 
0.25 rectangular modified f la t  p l a t e s  reported i n  references 1 t o  4. 
lower surfaces were f la t  with the  leading edges rounded t o  2:l e l l i p s e s  
and w i t h  the t r a i l i n g  edges beveled so tha t  they formed 5' angles w i t h  
the  chord l i n e s  of the models. These lower surfaces were the same as  the 
lower surface of the aspect-ratio-0.25 f l a t  p l a t e  described i n  reference 1. 
The upper surfaces were cambered and each model had a d i f f e ren t  thickness 
a s  a resu l t  of the d i f fe ren t  amounts of camber. The coordinates f o r  the 
upper surfaces are presented i n  t ab le s  I, 11, and 111. 
a i r f o i l  section was used f o r  the upper surface of the th ick  cambered 
model and an NACA 641A212 a i r f o i l  section was used f o r  the upper surface 
of the medium cambered model. The t h i n  cambered model had a modified 
NACA 641A412 a i r f o i l  section f o r  the upper surface. The thicknesses of 
the models were 9.88, 8.60, and 7.02 percent chord, respectively.  
models were made w i t h  a s t e e l  inner core covered w i t h  p l a s t i c  which was 
p o l i s h e d t o  a smooth f in i sh .  
i n  figure 2. 

They 

The 

An NACA 6 4 1 A 4 1 2  

The 

A photograph of a typ ica l  model i s  presented 

The s t r u t  used (also shown i n  f i g s .  1 and 2) had an NACA 661-012 
a i r f o i l  section and was the same s t r u t  t h a t  was used i n  the investigation 
reported in  reference 1. The s t r u t  was mounted so t h a t  the leading edge 
was 8.19 inches forward of the t r a i l i n g  edge of the  model and was perpen- 
d icu lar  t o  the chord l i n e  of the  model. There were no f i l l e t s  a t  the 
intersect ion of the s t r u t  and model. The s t r u t  was made of s t a in l e s s  
s t e e l  and polished t o  a smooth f in i sh .  

Test Methods and Equipment 

Tests were made by using the Langley tank no. 2 towing carriage with 
e l e c t r i c a l  strain-gage balances t o  measure independently the lift, drag, 
and pitching moment. The pi tching moment was measured about an a rb i t r a ry  
point above the model, and the  data  obtained were used t o  calculate  the 
pi tching moment about the  t r a i l i n g  edge of the model. 
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For a l l  tests a wind screen w a s  used t o  reduce the  aerodynamic tares 
and aerodynamic e f f e c t s  on the  flow pattern t o  negl igible  values. Force 
measurements were made a t  constant speeds f o r  f ixed angles of a t t a c k  and 
depth of submersion. 
the undisturbed water surface t o  the  chord l i n e  of the model a t  t h e  leading 
edge. The chord l i n e  i s  defined as the l i n e  which i s  p a r a l l e l  t o  the lower 
surface and which passes through the  t r a i l i n g  edge ( f i g .  1). 
made a t  a depth of submersion of 6 inches over a range of angles of a t tack  
from 0' t o  20° and at speeds up t o  30 fps .  

Depth of submersion i s  defined as the  dis tance from 

T e s t s  were 

The changes i n  angle of attack and the  accompanying changes i n  depth 
of submersion due t o  the s t r u c t u r a l  deflections were measured during the  
ca l ibra t ion  of the balances and found t o  be negl igible  f o r  t h e  combina- 
t i o n  of forces  encountered. The estimated accuracy of the measurements 
i s  as follows: 

h ig ie  of atta~k, deg . . . . . . . . . . . . . . . . . . . . . . .  20.1 
Depth of submersion, in .  . . . . . . . . . . . . . . . . . . . . .  50.1 
Speed, fps . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kO.2 
L i f t ,  l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23.0 
Drag, l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  f l . O  
Pitching moment, f t - l b  . . . . . . . . . . . . . . . . . . . . . .  f0.3 

The forces and moments were converted t o  the  usual aerodynamic- 
coeff ic ient  form by using a measured value of the densi ty  of water of 
1.942 slugs/cu f t .  The kinematic viscosi ty  measured during the tests 
was 1.67 x 10-5 f t2/sec.  

DISCUSSION AXD FSSITLTS 

General Force Data 

The basic  experimental data are presented i n  figures 3 t o  5 as p l o t s  
of lift, drag, and pitching moment about the t r a i l i n g  edge as a function 
of speed with angle of a t tack  as the parameter. Data are given f o r  each 
of the three models tes ted.  

Effects of Upper-Surface Camber 

The lift charac te r i s t ics  of the upper-surface-camber models and of 
the rectangular modified f l a t -p l a t e  models ( r e f s .  1 and 2) are compared 
i n  f igure  6. 
t he  chord length. These comparisons were made a t  a speed of 30 f p s  which 
w a s  suf f ic ien t ly  high t o  avoid Froude e f f ec t s ;  t h i s  was the highest  speed 

Each model i s  ident i f ied by the  thickness i n  percent of 
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a t  which there  were no apparent cavi ta t ion e f f e c t s  fo r  any 
For the t h i n  f l a t  p l a t e  ( r e f .  2), at 30 f p s ,  the only data  
were at  angles of a t tack from Oo t o  8O. 

- 
of the  models. 
avai lable  

0 

The p lo t  of l i f t  coeff ic ient  against  geometric angle of a t tack  i n  
f i g u r e  6 shows t h a t  the cambered models had lower angles of zero l i f t ,  
lower l i f t -curve  slopes, and lower l i f t  coeff ic ients  at  the high angles 
of attack than the  f l a t -p l a t e  models. 
t h a t  f o r  the cambered models the l i f t  coeff ic ient  increased with increasing 
thickness while the l i f t  coef f ic ien ts  f o r  the f l a t -p l a t e  models decreased 

of attack since the angles of zero l i f t  f o r  the  f l a t -p l a t e  models a re  0' 
and f o r  the cambered models a re  a t  some lower angle of a t tack  wi th  the 

l i f t  coefficient i s  p lo t ted  against  the  angle of a t tack  measured from 
the  angle of zero l i f t  (a lso shown i n  f i g .  6),  the l i f t  coeff ic ient  
decreased with increasing thickness f o r  the cambered models as wel l  a s  
f o r  the f l a t -p l a t e  models. It can be seen i n  t h i s  f igure  t h a t  the l i f t -  
curve slope decreased with increasing thickness. 
l i f t  curve, found i n  a l l  low-aspect-ratio r e su l t s ,  i s  evident f o r  a l l  
models. 

It may be noted i n  t h i s  f igure 

with increasing thickness. 

thickest  model having the  lowest angle of zero l i f t .  However, when the 

These f a c t s  are  t rue  f o r  the geometric angle 1 

( 

The nonlinearity of the 

The l i f t -d rag  polar ( f i g .  7) shows tha t  the  drag coeff ic ient  a t  any 
The p lo t  of given l i f t  coeff ic ient  increased w i t h  increasing thickness. 

l i f t -drag  r a t i o  against  l i f t  coeff ic ient  i n  f igure  7 shows t h a t  fo r  a 
given l i f t  coeff ic ient  the l i f t - d r a g  r a t i o  decreased with increasing 
thickness. occurred 
over a range of l i f t  coeff ic ients  from 0.125 f o r  the  th in  f l a t  p l a t e  a t  
an angle of a t tack of 8O t o  0.173 f o r  the thick cambered model a t  an angle 
of attack of l 3 O .  
angles of a t tack wi th  increasing thickness. 

The range of maximum l i f t - d r a g  r a t i o  from 3.5 t o  

, 
Therefore, the maximum l i f t -d rag  r a t i o  moved t o  higher 

The e f f e c t  of increasing camber, which a l so  increased the thickness, 
on the  l i f t  coeff ic ient  i s  shown i n  f igure  8 where the  l i f t  coeff ic ient  
i s  plotted against thickness i n  percent of chord. 
f o r  the range of thicknesses investigated the l i f t  coeff ic ient  changed a s  
a l inear  function of thickness with t h i s  change diminishing as the  angle 
of attack was increased. 
remained about constant w i t h  increase i n  thickness r a t i o .  

Figure 8 shows t h a t  

A t  an angle of a t tack  of 20' the  l i f t  coeff ic ient  

The locat ion of the  center of pressure as a function of angle of 
a t tack  is  shown i n  f igure  9 f o r  the f l a t - p l a t e  models and the  cambered 
models. The centers of pressure moved rearward with decreasing angle 
of attack f o r  the cambered models. This i s  i n  contrast  with the centers 
of pressure f o r  the f l a t -p l a t e  models which moved forward with decreasing 
angle of a t tack.  
locations f o r  the  cambered models were always af t  of those f o r  the f l a t -  
p l a t e  models. 

For any given angle of a t tack  the center-of-pressure t 
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CONCLUSIONS 
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The r e s u l t s  of t h e  investigation indicated the  following conclusions: 

1. The addi t ion of camber, which increased the  thickness, decreased 
the  angle of zero l i f t ,  t he  l i f t -curve slope, and t h e  l i f t  coe f f i c i en t s  
a t  the  high angles of a t tack .  

2. For a given l i f t  coeff ic ient ,  the  maximum l i f t -d rag  r a t i o  decreased 
The maximum l i f t -d rag  r a t i o  moved t o  higher angles with increasing camber. 

of a t tack  with increasing camber. 

3. A s  t he  camber on the  upper surface was increased, thus increasing 
the  thickness from approximately 7 t o  10 percent chord and f o r  a given 
angle of a t tack,  t he  lift coefficient changed as a l i nea r  function of 
thicirness. 

4. The center of pressure of the cambered surfaces moved rearward 
with decreasing angle of a t tack  while t h e  center of pressure of t h e  f l a t  
p l a t e s  moved forward with decreasing angle of a t tack.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  Va. ,  August 19, 1959. 
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TABLE I 

COORDINATES OF UPPER SURFACE OF 

THICK CAMBEBED MODEL 

[Thickness, 9.88 percent chord] 

x, 
in. 

0.046 
.078 
.145 - 315 
.665 

1.016 
1.396 
2.080 
2.790 
3.520 
4.217 
4 932 
5.644 
6.358 
7.070 
7.780 
8.480 
9.180 
9.885 

10.580 
11.290 
12.000 
12.710 
13.420 
14.140 

Y, 
in.  

0.1485 
.184 
-239 
343 

.494 

.612 
709 

.%7 

.988 
1.080 
1.146 
1.190 
1.209 
1.201 
1.168 
1.117 

.962 

.862 

.746 

.617 

.469 
317 
159 
0035 

1.046 

TABLE I1 

COORDINATES OF UPPER SURFACE OF 

MEDIUM CAMBERED MODEL 

[Chichess, 8.60 percent chord] 

x, 
in .  

0.058 
.092 
.161 
9 334 
.686 

1.038 
1 392 
2.100 
2.M8 
3 518 

4 938 

6 359 
7 069 
7.779 
8.489 
9 198 
9 907 

io .  616 

12.031 
12.735 
13.438 
14.140 

4.228 

5.648 

11.325 

Y, 
in .  

0.143 
,174 
.223 
315 

.445 

.544 

.627 
758 
857 

9 931 
984 

1.017 
1.028 
1.015 

.981 
929 
863 
784 
693 - 593 

.485 

.368 

.248 

.126 
0035 

d line 
5Ok ----..- 

0.1&"7 If T-k Lower half 
leading edge 
2 t l  e l l ipse  
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TABLE I11 

COORDINATES OF UPPER SURFACE OF 

THIN CAMBERED MODEL 

[Thickness, 7.02 percent chord 

X? 
in. 

0.046 
.078 
.145 
315 
.665 
1.016 
1.396 
2.080 
2.790 
3.520 
4.217 
4.932 
5.644 
6.358 
7.070 
7.780 
8.480 
9.180 
9 885 
10.580 
11.290 
12.000 
12.710 
13.420 
14.140 

Y? 
iii . 

0 099 
.123 - 159 
.228 
329 

.408 

.472 
577 

* 658 
* 71.9 
763 
793 
-805 
799 

* 778 
.744 
697 
.641 
574 
497 
.411 
.312 
,211 
.io6 
.0023 
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Thick cambered model 
( th ickness ,  9.88 percent chord) 

J-  NACA 661-012 sec t ion  

A 

CLLQ;rd liryt 

Kedium cambered model 
( th ickness ,  8.60 percent chord) 

Thin cambered model 
( thickness ,  7.02 percent chord) 

Figure 1.- Details of models. (Dimensions are i n  inches.) 
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(a) Lift. 

Figure 3.- Force data on 9.88-percent-thick cambered model. 
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(a) Lift. 

Figure 4.- Force data on 8.60-percent-thick cambered model. 
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(b) Drag. 

Figure 4. - Continued. 
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Figure 4.- Cmcluded. 
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(a) Lift. 

Figure 5.- Force data on 7.02-percent-thick cambered model. 



rn 
rl 
M 

I 
I4 

50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

0 

(b) Drag. 

Figure 5.  - Continued . 
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